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Abstract

Photodissociation of dichloromethane excited to the second C-H stretch overtone was performed by ~235 nm
photons that also tagged the Cl P, [Cl] and spin—orbit excited Cl 2Py, [CI] photofragments via resonantly enhanced
multiphoton ionization. The measured time-of-flight profiles together with the determined CI*/Cl branching ratio
suggest fast dissociation and involvement of several upper states of different symmetries mixing via curve crossing to
release both Cl and CI*. The determined ratio is higher than that obtained previously in the direct, almost isoenergetic,
photodissociation of CH,Cl, implying higher non-adiabaticity for vibrationally excited than for vibrationless ground

state molecules.
© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Alkyl halides have become the subject of sig-
nificant study in recent years due to their
atmospheric relevance and interesting photodis-
sociation dynamics. Numerous theoretical and
experimental investigations on monohalogen alkyl
molecules [1-17] have revealed the importance of
non-adiabatic curve crossing dynamics in C-X
(X=C(l, Br, and I) bond rupture and in generation
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of ground state X(*P5;) [X] and spin-orbit excited
X(*P12) [X"]. Fewer studies have been performed
on dihalide alkyl molecules [7,17-20], since the
presence of two C-X bonds makes the structure of
the electronically excited states and therefore of
the UV absorption spectra more complex. Besides,
the picture is further complicated by the greater
number of potential dissociation pathways.

An important aspect regarding these studies is
the impact of initial state preparation on the yield
of the ground and spin—orbit excited halogen at-
oms. For instance, it was shown that in CH;l
dissociation the I*/I product branching measures
the behavior of the molecule through the conical
intersection of the 'Q; and 3Q, potential energy
surfaces [4,5,9,10]. Particularly, the non-adiabatic
transitions from 3Qy to 'Q, were enhanced by
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excitation of parent bending [4,5], or methyl
rocking [3] due to the destruction of the Cs, sym-
metry. An increase in the branching ratio into Cl*
was also observed by Lambert and Dagdigian
[15,16] in vibrationally mediated photodissociation
(VMP) [21,22] of CH;Cl and CHD,Cl pre-excited
to the fourth overtone of the C-H stretch, with a
larger increase in the former. Furthermore, we
encountered alteration of the branching ratio in
the VMP of CH;CF,Cl and CH;CFCl,, as com-
pared to the almost isoenergetic vibrationless
ground state photodissociation [23-25]. However,
this is not always the case as revealed by VMP of
CHF,CI, which did not affect the C1*/Cl branching
ratio probably due to a smaller variation in the
photolysis dynamics relative to that of vibration-
less ground state molecules [26].

In the present study, the dissociation of di-
chloromethane, CH,Cl,, pre-excited to the region
of the second C-H stretch overtone is explored.
The room temperature photoacoustic (PA) vibra-
tional spectrum and the jet-cooled CI and CI* ac-
tion spectra show that the vibrational energy
structure is quite complex due to strong Fermi
resonances between stretching and HCH bending
vibrations, providing some insight on the intra-
molecular dynamics. The measured CI*/Cl
branching ratios together with the translational
energy distributions and anisotropy parameters, f3,
obtained from measured time-of-arrival profiles
of 3Cl and ¥Cl* characterize the primary decay
process and allow to examine the effect of the vi-
brational motion on the branching.

2. Experiment

The experiments were performed with the
previously described setup [22-28]. The photodis-
sociation was carried out in a home-built time-
of-flight mass spectrometer (TOFMS) providing
sensitive and mass-selective detection. The CH,Cl,
sample (99.9+% purity) was thoroughly degassed
at reduced temperatures and its gas phase was
mixed with Ar to provide a ~10% mixture at a
total pressure of ~760 Torr. The molecular beam
was expanded into the ionization chamber per-
pendicularly to the TOFMS axis and the laser

beams (see below). The expansion was carried out
through a nozzle-skimmer arrangement, to typical
pressures of ~5x 107¢ Torr. Under these condi-
tions the beam was characterized by a predomi-
nant rotational temperature of ~10 K and
vibrational temperature of <100 K. The molecular
beam was intersected by a near infrared (NIR)
laser beam around 1151 nm, from the idler of an
optical parametric oscillator (£ ~ 12 mlJ, band-
width ~0.08 cm™!), which vibrationally excited the
parent molecule in the region of three C-H stretch
quanta. Following the excitation pulse, after a
delay of ~10 ns, the excited CH,Cl, molecules
were photodissociated by a counterpropagating
UV beam (~130 pJ) from a frequency doubled
tunable dye laser (~0.4 cm™'). The wavelength of
this beam was chosen to match the two-photon
transition of Cl (4p °Ds;, < 3p *P3p) at 235.336
nm and CI* (4p *Py ), < 3p ?Py») at 235.205 nm to
also interrogate the Cl and CI* photofragments,
respectively, by (2 + 1) resonantly enhanced multi-
photon ionization (REMPI). The NIR beam was
focused with a 15 cm focal length (f.1.) lens, while
the photolysis/probe (UV) beam with a 30 cm f.l.
lens. The CH,Cl, molecules were photolyzed effi-
ciently only when overtone excitation was induced,
due to the very low absorption cross section of
vibrationless ground state molecules at ~235 nm
(1.16 x 10722 cm?) [29].

Ions formed via REMPI in the focal volume
were subject to continuously biased extraction,
two acceleration stages, two pairs of orthogonal
deflection plates and an einzel lens. The ions then
entered the field-free drift region (55 cm long) and
were eventually detected by a microsphere plate
(MSP). The MSP output was amplified and fed
into a digital oscilloscope and a boxcar integrator
where wavelength-dependent ion signals of **Cl,
31Cl, 33CI*, and ¥Cl* were captured and processed
by a computer. The signals of masses 35 and 37
were monitored simultaneously by two indepen-
dent boxcar channels, taking advantage of the
mass resolution of the TOFMS. Action spectra
measuring the yield of the released Cl and CI*
photofragments as a function of the NIR wave-
length laser were monitored by setting the UV
laser on the corresponding chlorine transitions.
Each data point in the ensuing spectra was an
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average of thirty pulses. In addition, Doppler
profiles were measured to determine the CI*/Cl
branching ratios, by fixing the NIR laser on the Q-
branch of the most intense band (see below) and
scanning the UV laser across the Cl and CI*
transitions. The profiles were well fitted by Gaus-
sians and their areas were used to extract the CI*/
Cl branching ratio once the scaling factor of the
above-mentioned transitions was accounted for
[30]. Furthermore, time-of-arrival profiles of the
35CI and *CI* resulting from 5000 shots were re-
corded, setting the NIR laser on the Q-branch
transition and the UV laser on the Cl and CI*
transitions, with the digital oscilloscope and stored
for later analysis. The time-of-arrival profiles were
measured under space focusing conditions at two
different geometries, vertical (UV laser polariza-
tion perpendicular to the TOF axis) and horizontal
(UV laser polarization parallel to the TOF axis).
The effects of the apparatus on the TOF were
previously determined [27,28], allowing calibration
of the electric field strength, £, in the ionization
region. The profiles were modeled using the for-
ward convolution method [27], accounting for the
field strength, the finite time response of the ap-
paratus (a Gaussian with 20 ns full-width-half-
maximum) and the Doppler selection by the finite
bandwidth of the probe laser (0.3 cm™! at the one-
photon wavenumber). Modeling of these profiles
allowed extraction of the kinetic energy distribu-
tions (KEDs) and the anisotropy parameters.

Simultaneously with the action spectra, the room
temperature vibrational absorption spectrum was
monitored by PA spectroscopy. This was achieved
by directing the residual of the NIR beam, after
passing through the TOFMS, to a dichroic mirror
which reflected it into an auxiliary PA cell. Wave-
length calibration was accomplished by monitoring
the rovibrational overtone spectra of water in this
wavelength region and determining the wavelength
according to the positions of the water absorption
lines taken from the HITRAN database [31].

3. Results and discussion

Fig. 1 displays a representative PA spectrum
and action spectra of **Cl, ¥Cl*, ¥Cl, and *'CI*
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Fig. 1. Vibrational overtone spectra of CH,Cl, in the region of
second overtone of C-H stretch: room temperature photo-
acoustic spectrum and jet-cooled action spectra of 3Cl, ¥CI¥,
37Cl, and YClI*. The assignment of the bands is given above the
spectra and relies on [32].

photofragments vs. the excitation laser wavelength
in the region of the second C—H stretch overtone
of CH,Cl,. Due to the occurrence of two stable CI
isotopes, the compound consists of an isotopic
mixture of about 56% CH3Cl,, 38% CH3’CI*’Cl,
and 6% CH3’Cl,. Therefore, the PA spectrum
corresponds to contribution of all the isotopomers,
whereas the **Cl or *CI* action spectra are indic-
ative of the first two isotopomers and the 3’Cl or
37CI* action of the last two. Comparison of the PA
spectrum with the action spectra emphasizes the
narrowing occurring in the latter due to reduction
of the inhomogeneous structure. This is explicitly
seen for the central A-type band where the P- and
R-branches almost merge with the Q-branch in the
action spectra, and also for the outer B-type bands
which seem to be sharper in the action spectra than
in the PA spectrum. Nonetheless, the general ap-
pearance of the features and the relative intensities
of Cl and CI* in the different bands of the action
spectra seem to be comparable. This agrees with
the behavior encountered in the VMP of CHF,Cl
and CHFCI, [23,24], but differs from that observed
in VMP of CH;Cl [14], where the action spectra of
3CIl* and Y Cl* were different. Moreover, the band
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intensities in the PA and action spectra of CH;Cl
differed, and the v; + 2v4 band was missing in the
latter, implying dependence of the cross section for
VMP on the initially excited vibrational state in
the region of three quanta of C—H stretch.

Both the PA and action spectra of CH,Cl, in
the 8580-8800 cm~!' region comprise of several
bands of different shapes. Relying on the results of
Halonen [32], obtained with the curvilinear inter-
nal coordinate model, the bands at 8607, 8688,
and 8755.7 cm™! correspond to 4v, 4 vs, 3v;, and
vi + 2v, + vs, respectively. Accordingly, these
bands are a result of the strong resonating levels of
symmetric (v;) and antisymmetric (v¢) C—H stret-
ches and the stretching-HCH bending (v,). The
spectral splitting between the bands, Av, is related
to the recurrence period by 7 = 1/cAv, allowing
estimation of the intramolecular vibrational re-
distribution (IVR) time scale from half the period.
In this manner, the redistribution time in CH,Cl,
pre-excited with three C—H quanta is estimated to
be in the 0.20-0.25 ps range. These times are in
between those encountered in molecules with an
isolated C-H chromophore, CHFCl,, CHF,Cl,
CHCl;, and CHF; and in ethane derivatives,
CH;CF,Cl and CH;CFCl, excited to the second
and third overtones [23]. This is since in the former
the energy redistribution between C-H stretches
and bends mostly takes less than 0.1 ps and in the
extreme case less than 0.2 ps, while in the latter it is
in the range of 0.25-0.65 ps. This behavior indi-
cates that the mixing of stretches and bends via
Fermi resonances leads to somewhat different re-
distribution times, where for molecules containing
methylene groups it is somewhere in between those
containing an isolated C-H group or a methyl
group.

The ensuing action spectra are indicative of the
increase in Cl and CI* yield as a result of the
photodissociation of vibrationally excited CH,Cl,
in the region of the second C-H stretch overtone.
For that reason it is supposed that the enhanced
reactivity in photodissociation of initially vibra-
tionally excited molecules, relative to that of vi-
brationless ground state molecules, originates
from the additional energy deposited into the vi-
brational states. Although this energy is deposited
in the methylene C—H, it intramolecularly flows to

the C—Cl bond, which turns out to be the reaction
coordinate, and results in more effective release of
Cl atoms. It is evident that this energy flow occurs
in less than a picosecond and is much faster than
the time scale of the experiment, meaning that
redistribution already occurred when the photo-
dissociation takes place, as the pulse duration and
the delay between excitation and dissociation are
of the order of few nanoseconds. The photofrag-
ment yields mirror the vibrational excitation
probability, measured by the PA spectrum, elec-
tronic transition moment, Franck—-Condon (FC)
overlap and the branching into the specific channel
[22]. Therefore, it is likely that the vibrational ex-
citation improves the FC factor of the vibrational
modes containing C—Cl excitation and increases
the combined energy (NIR+ UYV), leading to a
better electronic transition and consequently to
effective Cl loss.

The dynamics on the upper potential energy
surfaces (PESs) may be assessed by the measure-
ment of the branching into Cl and Cl* photo-
products and by the analysis of the measured TOF
profiles. As mentioned above, the CI*/Cl branching
ratio was calculated from the Gaussian-fitted
Doppler profiles, while considering the scaling
factor of the REMPI transitions [30], and was
found to be 0.55+0.12. This ratio differs consid-
erably from that found by Matsumi et al. [17],
0.2540.05 and by Tiemann et al. [7], 0.33 +0.03,
in the 193 photodissociation of vibrationless
ground state CH,Cl,. This is so, even if the CI*/Cl
ratio of Matsumi et al. [17], is corrected to
0.34 +0.07 after the new value of the two-photon
oscillator strength ratio for the corresponding
REMPI transitions is considered [33]. Since the
combined energy used in the VMP of CH,Cl,,
~51180 cm™!, is only slightly less than that used in
the 193 nm photodissociation, 51813 cm™!, it
seems unreasonable that the difference in energy
led to the variation in the branching ratio. It
should be noted that an increase in the branching
into CI* was also observed in the VMP of other
chlorine containing molecules, including CH;Cl,
CHD,Cl, CH;CF,Cl, and CH;CFCl, [15,16,
23,24], but not in that of CHF,Cl [26]. Therefore,
the alteration of the branching ratio is probably
due to the varied non-adiabatic dynamics in VMP,
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which determines the fragment spin—orbit splitting
during the departure from the molecule.

Support to this presumption comes also from
the measured Cl and CI* TOF profiles, displayed
in Fig. 2a and taken with the polarization of the
NIR laser perpendicular to the TOFMS axis and
with that of the UV photolysis/probe laser parallel
or perpendicular to the axis, respectively. Com-
parison of the profiles of Fig. 2a shows that their
shapes differ considerably. The profile of ground
state Cl is singly peaked for both polarizations and
of the spin—orbit excited CI* singly peaked for the
perpendicular polarization and doubly peaked for
the parallel one. This latter shape is ascribed to
release of fragments with equal translational en-

ergies but with velocities pointing toward and
against the flight axis.

The spatial fragment distribution is represented
by P(v0) = P(v)[1 + p(v)Ps(cos )], where 0 is the
angle between the polarization direction of la-
ser beam and the direction of the flight of the
photofragments, f(v) is the velocity-dependent
anisotropy parameter, ranging from -1 for a
perpendicular transition to +2 for a pure parallel
transition, and P, is the second Legendre polyno-
mial [34]. Evaluation of the f§ parameters and the
center of mass (c.m.) translational energies of the
Cl and CI* photofragments was achieved via sim-
ulations of the TOF profiles by a forward convo-
lution method, using a genetic algorithm that

720 725 730 735 740 145

r T T 1
720 725 7.30 735 7.40 745

time-of-flight (us)

P(Er)

T T T T T 1
0 50 100 150 200 250 300
Er (kJ/mol)

Fig. 2. Cl and CI* photofragments produced in the ~235 nm photolysis of CH,Cl, pre-excited to the Q-branch of 3v, (a) arrival time
profiles, where open circles and solid points are the experimental data points taken with the polarization of the UV photolysis/probe
laser parallel and perpendicular, respectively, to the TOFMS axis. The polarization of the overtone excitation laser was perpendicular
to the TOFMS axis. Solid lines are the simulations of the corresponding profiles, denoting the best fit energy distributions, (b) energy
distributions of Cl (solid line) and CI* (dashed line), extracted from the corresponding arrival profiles. The arrows indicate the
maximum possible energies calculated for release of one chlorine atom.
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minimized the deviation of the simulated profile
from the measured one [27]. Single velocity-inde-
pendent and identical f§ parameters were used to
simultaneously fit the profiles obtained in both
polarization geometries. Even so, the measured
arrival profiles (solid points and open circles) were
well fitted by the simulations represented by solid
lines (Fig. 2a) resulting in the optimized transla-
tional energy distributions shown in Fig. 2b. These
distributions are fairly broad, centering at rela-
tively high energies.

Some insight regarding the maximum transla-
tional energy that should be channeled in the
released Cl and CI* photofragments can be ob-
tained from consideration of the energetics of the
potential dissociation channels. The combined
energy used for excitation of the CH,Cl, mole-
cules from the vibrationless ground state to the
second C-H stretch overtone and subsequently to
the A-band is ~51180 cm™' (612 kJ/mol). The
energy required for chlorine atoms release was
calculated from the standard enthalpies of for-
mation (A:H®) of the involved molecule and
radicals [35]

CH,ClL % CH,Cl+ Cl  (A.HY = 334 kJ/mol)
(1)

CH,Cl, 2% CH, +2C1  (AHY%; = 728 kJ /mol)

(2)
The reaction enthalpy, AHy,, for the release of
CI* atoms via channels (1) and (2) should be 10.6
and 21.2 kJ/mol higher. It is obvious that the
combined energy is not enough for the release of
two ground state chlorine atoms but exceeds that
required for the loss of one atom, implying that the
maximum translational energy released via (1)
should be 162 and 156 kJ/mol for CI and CI*, re-
spectively. These energies are marked by the ar-
rows in the KEDs of Fig. 2b and should be
somewhat higher providing that A,H were re-
trieved. Anyhow, as seen from the energy distri-
bution, these maximal energies are reached in the
dissociation of CH,Cl, and since the distributions
are broad and centered at large energies it seems
reasonable that direct dissociation took place on
repulsive potential energy surfaces.

Further information regarding the bond
breaking mechanism can be gained from the de-
termined f parameters. This is since the magnitude
and sign of f provide information regarding the
orientation of the transition dipole moment g in
the parent molecule, the symmetry of the involved
excited state(s) and the excited state lifetime. The f
parameters evaluated from our experimental data
were 0.14+£0.04 for Cl and 0.37+0.05 for CI*,
with errors calculated from the scattering of the 10
‘best’” f parameters obtained from the above-
mentioned simulations. Actually, the CH,Cl, is of
C,, symmetry, however, because of the C-H vi-
brational excitation the geometry of the molecule
is distorted and therefore its C, dissociation should
be considered. It is believed that transitions from
the vibrationally excited state of the A’ ground
state may access repulsive states of either A’ or A”
symmetry. For CH,Cl,, the observed positive 8
value suggests that u is parallel to the line linking
the two chlorine atoms and perpendicular to the
CH, plane, corresponding to an A" «+ A’ elec-
tronic transition. Accounting for the initial upper
state geometry, with a CI-C-Cl bond angle of
112°, the theoretical limit of f for this transition
should be ~1.1. Even though the observed f pa-
rameters for ejection of Cl and CI* photofragments
were positive, they were considerably smaller than
the estimated limiting values reflecting a partial
loss of anisotropy. This loss could arise either from
rotational motion during slow dissociation or
from some dynamical factor. The former is un-
likely due to the accessibility of the upper disso-
ciative states, the promptness of the dissociation
and the large release of fragment translational
energy. It is rather some contribution of an elec-
tronic transition of A’ < A’ which reaches a f
value of —1 in the limit of prompt dissociation that
could reduce the f parameters. Therefore, the
positive measured ff parameters of both photo-
fragments might point toward production of both
Cl and CI* as a result of simultaneous absorption
to both A" and A” states and non-adiabatic curve
crossing. Since the f parameter of CI* is larger
than that of Cl, it is anticipated that the contri-
bution of the A” state to the former channel is
more effective. Absorption via more than one PES
and curve crossings were suggested to account for
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the observed branching ratios and the anisotropies
in other halocarbons as well, exemplified by CH;I
[2], CH;Cl and CHD,Cl [15,16], CHFCI, [24,25],
CH;CFCl, [28], CH,BrCl [18], CF,Br, [19], and
CH,I, [20].

4. Conclusions

The intramolecular dynamics of dichlorome-
thane was studied via ~235 nm photodissociation
of vibrationally excited molecules with three C-H
quanta. The vibrational overtone spectra consist
of bands related to C-H stretches and to combi-
nation of stretching and HCH bending, implying
sub-picosecond energy redistribution. Evidence to
energy flow, out of the initially excited C—H stretch
into the C-CIl reaction coordinate, comes also
from the enhanced production of Cl and CI*
photoproducts. The dissociation is rapid, resulting
dominantly in chlorine elimination with preferred
formation of ground state over spin—orbit excited
Cl. The observed CI*/Cl branching ratio in the
VMP experiment is higher than that obtained in
the direct, almost isoenergetic, 193 nm photodis-
sociation of CH,Cl, suggesting that the dynamics
proceeds more non-adiabatically in the former.
The non-adiabaticity of the process is also sup-
ported by the measured anisotropy parameters.
Their values are lower than the limiting values of
~1.1 for a pure A” «— A’ transition indicating that
A states are also involved, resulting in mixing via
curve crossing and releasing Cl and CI*. Further
experiments that will initially excite higher C-H
overtones and then will be promoted to the upper
PESs are necessary to assess their effect on
branching ratios and anisotropy parameters.
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